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12...The Muitiple Applications of
Electrons in Space

Réjeon J. L. Grard

Space Science Department
European Space Agency
Noordwijk, The Netherlands

Abstract

An électron source such as a simplé cathode is a cheap and ligiit device which
can serve séveral technological and scientific purposes in space:

(i) Electrostatic charging of a spacecralt can be limited by releasing eléctrons
accumulated on the conductive elements of their surface. Clamping the reference
potential of scientific instriments, such as particle detectors, can significantly
improve their performance in a magnetospheric environment.

(i{) The erosion of conductive coatings and the ability of conductive paints to
withstand the spa¢e environment can be evaluated by monitoring thé flow of charmed
particles impinging on their surface, that is, by simply measuring the »ate at
which electrons are éniitted froth the cathode.

(ii{) Measuring the current collseted by the spacecralt suxiace as a function .
of its poténtial with réspect to an emitter is a very sensitive fiagrostic technique
which can yield a number of plasma parametérs, such as de.isity and temperature,

(iv) If is possible to convert the thermal motion of spa:e plasmas into élec-
trical eneérgy by collecting énérgetic electrons and réturning them to the ried{um as
cold particlés, This concept may find applications in the riagnetosphere of distant
planets where solar célls are inefficient.

(v) A wave in ad plasma is characterized by a conductiin currént density which
gives rige to fluctuations of the cutrent flowing to the surface, An iitvestigation of
the frequéncy spéctrum of the cathode current will théréfor disclose the existence
of electromagnetic and électrostatic waves withotut using any antennsd.
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L. INTRODUCTION .

The potential of a body in space is defined by the current balarice of the charged
particles emitted and collected by its surface. In equilibrium the diff:rence be- L
tween the flows of plasma electrons and lons equals the rate at which electrons
extracted from the surface by photo~ and secondary eémissions are escaping into
the surrounding plasma, :

When theé random flux of the plasma eleetrons is relatively large, the siurface
develops a potential sufficiently negative to li:nit the incoming ilow of these particles o
and to make it equal to the combined contribution of the other species. The magni- k
tude of this potential is then in direct Proportion to the témperature of the ambient
electrons, Such conditions are cften met in dense or hot plasmas wien surface
emission.cannot match the net flow of ambient particles. i planetary outer mag-
hetospheres, the electron mean kinetic energy is so high that surface potentials of
the order of several kilovolts are freéquently encountered. This phénomenon,
commonly referred to as spacecraft charging, disturbs the particle population in
the surrounding plasma and is therefore a.source of interferences for seientific
measurements. 1

It has also been observed that different materials insulated from eath othér
do not réach the same floating potential. This differential tharging gives rise to
large electric fields between adjacent elements and can cause dis¢harges which
are responsible for the degradation of ¢ - ecraft materials and anomalies in the
behaviour of electronic subaystems, 23

This situation has led up sciencists and engineers to compound théir effort in
an attémpt to understand and control these phénomena, 4 The basit remedies are
gimple. The entire surface of the spacecraft must bé made conductive in order to
be equipotential and the negative charge accumulated on this body must be released
into space through an electron emitter,

A number of materials, conductive coatings, and paints have been developed
and qualified, and new testing procedures have been set up to check the ability of
the spacecraft to withstand the magnetospheric énvironment,

This paper recapitulates the principles which govern the interaction of a space-
craft with its environment, % ® gnd reviews the various téchiniques which are avail-
able for controlling the electrostati¢ potential of & spacecraft. It {s démonstrated
that electron emitters are requisite to any scientific mission in & magmetospheric 4
‘ environment, in the vicinity of Jupiter in particular. It i3 also emphasized that

electron sources can be simultaneously used for a number of ddd{tional tasks such
as moriitoring the degradation of Spacecraft material siirfaces, converting the
thermal inotion of plasrias into electrical energy, medsuring the density and tem-
perature of the ambient electrons, and receiving waves without aertals,
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2, INTERACTION BETWEEN A SPACECRALT AND ITS ENVIRONMENT

2.1 Spacecraft Without Emitter

The variations of the different current components collécted by a planar probe
in space as function of its poiential are schematically represented in Figure 1,
wheré i, and i, are the ambient eléctron and ion contributions, and i n is the cur-
rent due to photoelectron emission. Secondary emission is neglected in first
approximation and the potential ¢ is referred to that of infinity,

Figure 1. Current-Voltage Characteristics of a Prob¢ ina
Plagima

It is assumed that the various species have Maxwellian distributions, and that
the magnitude of the saturation current of the plasria electrons i, is much larger
than that 5f the {ons iis‘ the photoelectron saturation curreént is noted iph g

The current balance is defined by

fg i+t =0, (1)
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and the floating potentinl is given by

ies

: (2)
tohs * lis

‘l’f = ‘¢e In

when hes‘ > hphs + iis" and by

<l>f >~ ¢ . In (3)

ph

when lies' < liphs + is| . The quantities ¢ and ¢ph are the n:‘ean kinetic potén-
tials of the plasma electrons and photoeléctrons,, respectively.

The current-voltagé characteristic of a body in shadow (iph = Q) is illustrated
by the curve labelled.I(:0 in Figure 1. The floating potential ¢, is negativé and
approximately equal to -3. 8¢ e in the case of.an hydrogen plasma in .thermal
quilibrium..’ In a magnetospheric environment, ¢, can be of the order of 1+10 kV,
which explains why a géostationary spacecraft develops large negative potentials
during eclipses. 8,9,10 The same situation also otcurs in sunlight whén photo-
emission canrot balance the flow of ambient particles. This condition is occasion-
ally fulfilled in the Earth environment, but it must always be met in the magneto-
sphere of Jnpiter where the photoemission rate is 27 times less than at the Earth's
orbit.

In a relatively cold and rarefieéd plasma, such as tue solar wind, the photo-
emission saturation current is generally predominant; this situation is illustrated
by the curve labelled I, in Figure 1. The corrésponding floating potential ¢, is
given by Eq. (3) and is of the order of the photoelectr on mean kinetic potential,
which is typically equal to 1.5V. 11

3,2 Spacecraft With Electron Emitter

A spacecraft fitted with an electron source is schematically represented in
Figure 2a, The electron source and the conductive eleménts of the spacecraft
surface are referied to as the emitter (E) and the collector (C), respectively. It
is assumed that the emitter and collector are sufficiently decoupled, so that their

*The kinetic potential of a charged particie is giveii by the magiiitude of the dccel-
erating voltage assocfated with its kinetic erergy, The kinetic poteéntial, in V,
therefore, is measured b; the samé number as the kinétic énérgy, ifi eV,
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current voltage characteristics are, in first approximation, independeént of their
separation,

The voltage-currént characteristic of the emitter i3 s¢hematically represented
in Figure 2b and c by the curvés labelled Iy the voltage referénce is that of the
surrounding plasma, not that of thée spacecraft. The ared of the emitter is rela- L
tively small and its current is, therefore, insensitive to the fluxes of photons and
ambient particles. When electron emission is space charge limited, IE is propor-
tional to (-d>)3/ 2 The shape of the characteristic is othérwise defiied by the tem-
periture of the emittér, as well as by the magnitude of the éléctric field at its
surface, 12 It is assumed that theé saturation current of the emitter is larger than
that of the ambient electrons, which can always be easily fulfilled.

e
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Figure 2, Current Balance and Poténtials of Emittr and
Collector

Wthen colléctor and emitter are cornected thirough a voltage source by, their
respectivé potential d’C and d’E are linked by the relation

¢C - ¢E = ¢B » (4’

¢ 207




[
PP S
.
——
o ——
o\ a—
Pe—
>

and the emitted and collected currents are of course equal,

Ig=lg=lg (5)

as illustrated in Figuré 2,

3. POSSIBLE USES OF ELECTRON EMITTEXS

3.1 Spacecraft Potential Clamping

When the bias voltage *p is zero, the eéquilibrium potential of the collector -
emitter combiration is defined by the intersection of the curves In and Ip. Ina
magnetosphéric environment the floating potential can thén be maintailed at a few
volts, rather than several kV négativeé, as illustrated in Figure 2b, 13,14,15 The
potential of the. collector can even be adjusted to zero exactly by biasing its poten--
tial positively with respect to that of the emitter until.a break in the slopé of the
characteristic is observed. 16 The ability to control the spacécraflt potential allows
one to m'nimize thé perturbation to thé énvironment and provides a stable voltage
referénce for scientific instruments.

An electron émitter canaot indeed reduce the floating potential whén photo-
emission is predominant (Figure 2c), but this is a relatively unimiportant point
sinice this positive potential is typically of thé order of 3V, 17

3.2 Plasma Diagnostics

It will bé seen in the following that the potential of the emitter is practically
independent of its current: this system operatés like a potential reference with
respéct to which the collector may be biased, The emitted current may be meas-
ured as function of the bias potential. The spaceécraft then behaves like a Langmuir
prob@.‘18 with a collecting area equal to that of the conductive parts of its
surface, 19, 20 This technique for measuring electron density ard temperatire is
extremely sénsitive, and irregularities in plasma densities can be detectéd by
investigating the low frequency fluctuations of the collected current.

The électron saturation current can be moni-
tored under all circumstances, and this médsure-
ment is dbsolutely not impaired by photoemiission
(see Figure 2c). A variable resistor R can replace
the voltdage sourct, @s shown in Figure 3, but the
bias voltage -R ti! cdn only také negative values, Figure 3. Negative

This possibility is nevertheless extremely 5}3:;: tll‘ngs?;)'l;ictor
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advantageous in energetic plasmas where voltages of several kV would be reguired 1
to describe the characteristic down to the floating potential,

3.3 Monitoring of Mutetial Surface Degradation

Spacecraft dare partly covéred with matérials and paints, generally insulators, !
in order to maintain the téemperature within specified limits. Conductive paints |
and coatings have consequently been developed to cope with the problem of differ-
ential charging. Sclar cell covers and second surface mirrors can similarly be
covered with 1004 ....ck layers of Indium oxide which also insures electric poten-
tial uniformity, but are optically transparent,

The ability of thése conductive materials to keep

their propertiés in space undeér the bombardment of TEST MATERIAL

energetic particles can be easily tested in situ, as é “N

illustrated in Figure 4. The current collected by the —

test material, It' is simply compared to that imping- w

ing on a metallic surface, Ir' taken as a reference,

This measuremetit is instantaneous and independent

of the properties of the cathode. Figure 4. Test on
Material Surface
Degradation

3.4 Energy Conversion

It has beén shown previously that energy can be dissipated in a resistor when the
floating potential is négative (Figure 3). It is therefore possible to convert the
thermal motion of electrons itito eléctrical power. 22 This concept may find appli-
cations in space environments where energetic plasmas are likely to be found,. but
sufficiently distant from the sun to rendeér the use of photovoltaic conversion
unpractical. Such conditions are met in the magnetospheres of distant planéts such
as Jupiter and Saturn. 23, 24

The efficieticy of this system, that is, the ratio of the plasma ehergy input to
the available electric energy equals 0.37 for a Maxwellian energy distribution.
The corresponding maximum power cutput pér 2 of collecting surface is 'given as
function of the ambient plagma density, N o» and médn kinetic potetitial, L
Figure 5. 1f the collecting area of the spacecraft is ingufficiént, the power output
can bé ificreased by thé adjunction of a large sail made of metaliic foll, for
example,

It may be possible to reach specific powér equivalérnt to that of the radio-
isotope thérmal genérators preseéntly used for the outer plahétary missions, 25,26
b that is, a few Wkg 1, provided the plasimd power density input lies in the rarige
- 21071 Wm 2. This figuré may be met in thé ervironment of Jupiter, but is
has to be establishéd by proper in situ measurements.
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Figure 5. Maximum Power Density Output as
a Functiofi of the Electron Density and Mean
Kinetic Potential

3.5 Detection of Electromagnetic and Electtostatic Raves
>

A wave propagated in a plasma is characterized by an electric field E, a ]

magnetic¢ field I?I, .and a conduction current density J. These three quantities are

related by Maxwell's equations:

vXE

"

-y 9 /st , (6)

vxH

Jee aB/at (n

i
.

where M, and €, dre the vacuum permeability and permittivity. Time and space
viriations are assumed to be of the form exp i(kr - ©t), where k and w - 21f are
the wave vector and angular frequency, r anhd t are space and time variables. |

After Fourier transformation of Eq. (6) and (7), and elimination of ﬁ, the
projection of J parallel and perpéndicular to the wave vector are respectively

J, - ieo W EII (8)

and {

3 1ieou(i-u2)EJ , )
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where E ahd E | are the projections of E alohg directions respectively parallel
and perpendlculat' to k and y is the refractive index of the medium,
The wave conductiont current which can be intercepted is

1-A3 , (10)

where J is the modulus of 3 and A, is the cross gection area of the collector if a
plane perpendicular to 3. This current is superimposed ori the rahdom plasma ion
and electron currents. The information carried by the ambient charged particles
is cohsequently best detected when the spacecraft is collecting the saturation cur-
rent of these species. 27,28 Tpe collector potential must therefore be maintained
at a valué near to zéro, or possibly be biased at a few volts positive if photoemis-
sion is preponderant (Figure 2b and ¢). Neglecting the ion contribution this de
current is then approximately given by

= Ad (11)

i
es e

where A is the entire collectifig area, and

1/2

(%
Jo = Ne® <2nm) (12)

is the electron random current density, in the casé of a Maxwellian énergy dis-
tribtition. The quantities e and m are the electron charge and mass respectively.
The level of the smallest detectable signal is, of course, limited by the shot
noise resulting from the random arrival of plasma partitlés to the spacecraft sur-
face and the random emission of elécirohs from the cathode into the ehvirohment.
The root mean squdre deviation of 1 m a freduency bandwidth B therefore defines {
the lowest weasurable wave conductmn current?? 30,31

i o 1/2
- (2el B) 2, (13)

The capability of this technique can be assessed by comparing its performance
to that of an electric aérial in a giveti bandwidth. This is simply achiéved by
equating Eq. (10) atid (13), and expressing the sensitivity in terms of electric field
E, rather than conduction currentJ,

Considéer a wave with a transverse electric field (E - E ), for example, an
electromdgnetic wave in an isotropic plasma or a lohgitudinal wave in a magneto-
plasma. Combining Eq. (9)-(13) ylelds
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1/4
E .. 4 me 1/4 _‘fg__fg 1 (14)
. n
B2 @md/t MR e L2

where the electron plasma fréquency is defined

2 1/2
Nee
t‘p : <Z1re m) {15) s

o

and the collector is takén to be a sphére of radius p, ihat is, A - 4 A..
Using the MKSA system of units and replacing variots quantities by their
numerical values yields

1/4
[ ] f
E . -7 %e p 1

= 2x10 = . (18)
Bl72 P f ll _uzl

The sensitivity to Jongitudinal electric fields and to electrostatic waves in
general (E = E") can be evaluated if Eq. (8) is used, the eguivalent sensitivity then
becomes

1/4
——E——=2x10'73‘~’—/—f—" . an
B12 P f

Under most conditions and provided the sensitivity and frequency résponse of
the current measurirg device permits, this concept ailows the detéction of waves
with electric field spectral density of the order of 10°5-1078 v m~! gz~1/2 up to
frequéncies edual to a few times that of the local plasma résonatice. Ifi this fre-
queénty range, these pérformances are certainly comparable to thosé of cther types
of antentid used ih space.

4. EXPERIMENTAL ARRANGEMENT

4.1 Location of ilie Emitter

It is desirable to optimize the plasiha diagnostic measurements by mounting
thie electron source at some distance from the collector. Couplitig ahd mutual
ifiteractions are irideed the result of the direct interception by the spacecraft of a
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fraction of the emitted current. Trajectories of clectrons emitted with zero
velocity are illustrated in IFigure 6, It can be scen that the role of the spaceeraft
is minimd! even when its potential is more positive than that of the emitter.,

{ta) ] %

/ ALY \ \
W / .-.—'--‘-55 AY
g / P S N\ R
= e 14,2 Y
0 1] 4 -—— -
6 / 3” ” - -~~‘\
A
a4 ] 4 o’ Pl s‘\
g , l' Il ]” \“
eld { [ 7 )

C:.SCV
(b) /"

8 j

/
z / o Jav
A/ #om TN
5 ll f’, —"'-2.2 S
o ' 'I "v _5.2 \‘\ \
q [} 4 4 Pl ~
=11 / / ’ RN
9! H n, :' I’ _] AN
[ 4 ] 1 1 1 B sy

§c= 0v E=.1ov AXIAL DISTANCE

Figure 6. Electron Ttajectories in an Axial Symmetrical Field

Potential clampirg is more efficient if the electric properties of the electron
source environment are as little as possibleé influenced by the proximity of the
spacecraft. The potential developed by the collector in the vicinity of the emititer
has so far been taken éequal to zero, but this assumption is only valid at large
distances from its surfade. Approximating the ¢ollestor by a sphere of radius p,
the potential at a distance r from its center is given b

b= b . . (18)

The effect of probe separation is graphically demonstrated in Figure 7, When

the potential refefencc * - '' e emitter characteristic is shifted by the atnount given
by Eq. (18), the colle.: . ent!al becomes
213
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. 1 - din/dIg cbc
®c = ®c T-di/dig - p/r ~ T-p/r

(19)

where & is the spacecraft potential for infinite separation. The quantity dIC /cllE
which represents the ratio of the collectoir and emitter current variations for a
given voltage increment is close to zero in energetic plasmas. The result given
by Eq. (19) is indeed approximate since it doés not account for direct electron flow
betwéen emitter and collector, but it shows the tendency for the spacecraft poten-
tiai to ihcrease with decreasing separation.

Potential clamping can bé achieved without bias voltage, It can be anticipated,
howevér, that limitations caused by space charge near the emitter and poténtial
barriets resultmg from differential charging, as observed on ATS 6 32 and possibly
Ploticer 10, are more important when the electroii source is mounted too close
to the surface (Figure 8a). Nevertheless, it hdas been demonstrated that spacecraft
potenitials could be controlled with an emitier mounted in an open cavity under the
surface, but only for llinited periods of time (Figure 8b). In fact, if electrons are
emitted with zero velocity, their injection into the plasma is impossible unless the

emitter is biased negatively with respect to the collector. This type of considera-
tioh naturally leads to the concept of electron guns with grid system (Figure 8c),
such as tliose mounted on the ISEE-A spacecraflt. 34,135
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1.2 Types of Emitter
4,2,1 ACTIVE EMITTERS

Electron emission from a metal in vacuum is a function of its temperature and
of the electric field existing at its surface,

Thermoionic emission describes the situation where temperature is the most
important parameter. A directly heated tungsten filament is the simplest type of
emitter but it dissipates a power of several W. An indirectly heated cathode
impregnated with a barium compound requires less than 1W of heating power and
offers in additioh a uniform surface potential (Figure 9a and b).

IMPREGNATED
TUNGSTI-‘-N PELLET ggl;lg ARRAY

(a) (b) (C)

Figure 8, Three Types of Active Eléctron Emitter

Electron field emission occurs wher an electric field of the order of 167 vin~!
exists at the surface of a metal, Cathodes working ori this principle, that {s, with-
out any heater, have rccéntly been developed using thin film technology.36 Elec-
trons are extracted from ah array of sharply pointed cones and a voltage of the
order of 100 V is applied on a perforated electrode called gate, located at about
1 um (Figure 9c). Controlling the energy of the emitted electrons, and thus the
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potential of the spacecraft, requires the existence of an additienal grid placed in
front of the gate and electrieally biased with reapect to the eollector, The struc-
ture of this emitter then resombles very mueh that of a miniature electron gun
with typical dimensions of 1 mm; energy i3 only required for accelerating the
electrons.,

The saturation ct.rrent of these cathodes, of the order of several mA, i
always larger than the plasma electron saturation current collected by the space-
craft., The saturationh curreiit density i a plasma characterized by No 1 (:m'3
and @, - 1 kV, for example, is less thah 1 u A m'z. Electron emission is there-
fore space charge limited liki: in a diodé ard the current is of the form

- wad/2 :
I = Koy “/2 . (29)

If IE is meéasured in A and £ inVv, K=3x 1.0'5 for spherical symmetry and o is
function of the ratio ra/rc of the anode-to-cathode ratio. 37

In first approximation, infinite collector-emitter separation and spherical
symmetry aré assunied; r c is given by the physical dimension of the cathode and
r, is the distance over which space-charge neutrality is restored in the plasma,
that is, a distance of thé ordér of the Debye length,

The cathode current is represéntéd by straight lines in Figure 10 for values of
ra/rc ranging from 10 to 105, Also shown is the electron current collected by a
conductive sphere of radius 2 m, in various plasma environments, photoelectron
and ion currents aré heglected. The clamping potential in absence of any biasing
voltage is definad by the intersection of two of these curves; it is seen that this
poteéntial is not much influenced by the ratio ra/rc, and is of the order of 0,1-10V
negative for electrofis emitted with zero energy.

4.4.2 PASSIVE EMITTER

An entirely passive emittér can be simply made of sharp-pointed filaments,
electrically connected to the spacecraft but positioned at a distance equal to a few
times the typical dimension of the vehiclé, as shown in thé insert of Figure 11. 19
The separation is requisite since it ensures that the strength of the electric field
at the tips is not reduced by the charge induced in the surface of the main body. 38

It is assumed that the collector is a sphere, 1 m in radius, immersed in a
Maxwellian plasma with Ne =1 cm'a and b, - 1 kV, The separation between the
emitter arnc the surface is considered to be much larger than the sphere radius.
In fact, for a distance of 3 radii, the clamping potential is within 25 percent of the
value obtained for infinite separation. The emitter is made of 100 tips with a
curvature radius a - 0,1 um; the emissive area is taken to be Zn-a2 and the strength
of the electric feld at the tips is of the ordef of | @y /al .
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Figure 10. Determination of the Clamping Potential with
an Active Electron Emitter
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Figure 11. Delerminationi of the Clamping Potential With Passive Elec-
tron Field Emitter
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The current tharacteristic of the emitter is given by the Fowler-Nordheim
equation, 39 and the potential of the sphere equal to -3600 V without emitter
(-3. Btpe) is increased to -316 V when conhected to the emitter; potential closér to
zero are cerlainly possible with sharper points, The current that can be ernitted
fromm.such a_probe is limited by thermal dissipation and is of the order of 3 mA,

5. CONCLUSION

Electron emitters can prevent 4 spacecraft from aceumulating negative charges
and clamp its potential close to zéro, provided its surface is conductive. As such,
they should be part of any scientific magnetospheric payload because they signifi-
cantly incréase the value of.field and particle measurements, in.particular.

Information on the ambient medium can be obtained at a wéry little extra cost;
such a diagnostic céchnique is véry sensitive in rarefied plasma and can disclose
small scale irregulirities in the electron density. The existence of electromag-
netic and electrostatic waves can also be detécted, without any antenha, by investi-
gating the frequency spéctrum of the emitted current, that i, observing the cur-
rent fluctuations associated with the alternative motion of the ambient particles.

Electron emitters also have interesting technological applitations; théy can
monitor the degradation of conductive paints and coating ih space and transform
the thermal agitation of a plasma into electrital enerpgy.

The choicé of a system for space applications is motivated by considerations
on reliability, weight, and power consumption.. A thin-film field emidsion néeds
no heating but requires a grid system for éléctron extraction and energy control.
A passive electron emitter is very simple but must be mounted on a boom with a
length larger than the typical dimension of the collector. Presently, indirectly
heated dispenser cathodes séem to offer the best comprise between these various
requirements. They have been extensively tested in the laboratory and have life-
times longer than one year. Provided they are mounted on an appendage of mod-
érate length, say 0.5 m, they can clamp a spacecraft at a potential-between -10
and -1 V and perform most of their functions without any grid or polarization
system.
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